We have investigated the interplay between magnetic and structural degrees of freedom in elemental Mn. The equilibrium volume is shown to depend critically on the magnetic interactions between the Mn atoms. While the standard generalized-gradient-approximation underestimates the equilibrium volume, a more accurate treatment of the effects of electronic localization and magnetism is found to solve this longstanding problem. We capture well the complexity of the large 58 atoms per unit cell α-Mn system for the first time, including its charge and spin patterns and the canting of spins with respect to the average magnetization direction.
Manganese is one of the most complex metallic elements [1] [2] [3] that assumes several stable crystal phases. On cooling the liquid, the crystal phase sequence includes body-centered cubic (BCC) δ-Mn, face-centered cubic (FCC) γ-Mn, β-Mn, and α-Mn as illustrated in Fig. 1 [4, 5] . The α-Mn crystal has 58 atoms per unit cell with space group T 3 d (No. 217) [6] and it may be looked upon as an intermetallic involving Mn atoms in different electronic and magnetic configurations [7] at 4 crystallographic sublattices (I, II, III and IV). Neutron diffraction experiments [8] have shown that sublattices III and IV further split into two types (IIIa, IIIb, IVa and IVb) when the antiferromagnetic ordering is taken into account. Large, almost collinear magnetic moments reside on sites I and II, while substantially smaller and strongly canted moments are on sites III and IV [8] .
Density functional theory (DFT) based results by Hobbs et al. [1, 2] using either the local spin density approximation (LSDA) or the generalized gradient approximation (GGA) are not in agreement with experiments because the tendency of LSDA and GGA to overbind produces a collinear spin structure at the theoretical equilibrium volume. However, a noncollinear spin structure develops by slightly expanding the lattice beyond the experimental volume [2] . A semiempirical tight-binding method using Hubbard-like correlation effects [9] has predicted a noncollinear magnetic structure for α-Mn at experimental volume in qualitative agreement with experiment, but a more recent tight-binding study has failed to converge to the noncollinear solution [10] .
In order to address the deficiencies of the LSDA and GGA, exchange-correlation corrections must be improved. One way is to introduce an external Hubbard parameter U [11] [12] [13] [14] , which singles out localized orbitals, such as the 3d orbitals of Mn, by replacing LSDA and GGA potentials with orbital-dependent terms taking care of self-interaction corrections. In general, such a DFT+U approach requires both Hubbard repulsion U and Hund exchange integral J as external parameters [15] . A pristine DFT method able to address GGA limitations using all the seventeen exact constraints for semi-local exchange correlation functionals is the strongly constrained and appropriately normed (SCAN) functional [16] . Some authors have noticed that SCAN leads to overestimated magnetic moments in itinerant ferromagnetic transition metals such as iron [17] [18] [19] . However, there are studies of antiferromagnetic materials such as the cuprates [20] [21] [22] and 3d perovskite oxides [23] where SCAN does not overestimate the magnetic moment. A similar situation occurs in some Mn-rich Heusler alloys [24, 25] , where the 3d magnetic electrons are quite localized on the Mn atoms.
In this letter, we show that SCAN significantly improves the description of the α-Mn ground state with respect to the LSDA and GGA by correctly taking in account conflicting trends to simultaneously maximize the magnetic spin moment and the bond strength. As a result SCAN successfully captures complex charge and noncollinear magnetic ordering that occurs at low temperatures.
The present DFT calculations were performed with a plane-wave method implemented in the Vienna Ab Initio Simulation Package (VASP) [26] [27] [28] with the projector augmented wave (PAW) method [29] . The GGA exchange-correlation functional is based on the PerdewBurke-Ernzerhof (PBE) formulation [30] while the meta-GGA follows the SCAN implementation [16] . For the γ-Mn calculations, we use 8 × 8 × 8 k-point mesh and an energy cutoff 700 eV, whereas for the α-Mn computations the corresponding parameters are 7 × 7 × 7 and 550 eV. The Methfessel-Paxton smearing method [31] is used with a width of 0.2 eV in geometry optimization runs, and the tetrahedron smearing method with Blöchl corrections [32] is deployed in selfconsistent calculations and to generate the electronic density of states (DOS) using a 24 × 24 × 24 k-point mesh. Spin polarization effects are included and noncollinear spin arrangements are used for the α-Mn structure. The electronic relaxation convergence is 10 −6 eV for all calculations, and in geometry optimizations, all forces are converged within 10
To study the effect of correlation, we first examine the γ-Mn phase with four Mn atoms per unit cell. Asada and Terakura [33] have shown that compared with experimental results, LSDA gives too small a lattice constant and cannot predict an antiferromagnetic phase for the ground state. Our GGA and SCAN total energy calculations for non-magnetic, ferromagnetic, antiferromagnetic AF1 and AF2 phases [5] confirm that the ground state for γ-Mn is the AF1, where the sign of the moment alternates between planes stacked along [001] . GGA gives an equilibrium volume Wigner-Seitz radius [34] R ws = 2.635 a.u. while SCAN gives R ws = 2.706 a.u., which is in better agreement with the experimental value R ws = 2.752 a.u. [35] . The structure is found to be tetragonally distorted with c/a = 0.95 for GGA, while SCAN produces c/a = 0.97. The calculated magnetic moments increase with the equilibrium volume, thus GGA yields 1.74 µ B whereas SCAN has a higher value of 2.81 µ B .
To gauge the strength of corrections beyond GGA captured by SCAN, we compare SCAN, GGA and GGA+U results. With U = 1.1 eV, the equilibrium Wigner-Seitz radius is R ws = 2.722 a.u. corresponding to a Mn magnetic moment 2.69 µ B and c/a = 0.98. These results are consistent with a recent GGA + U study performed by Podloucky and Redinger [36] . Figure 2 illustrates the impact of the correlation effects on the Mn partial DOS at the experimental volume. The GGA curve is significantly different from the SCAN one, but using U = 1.1 eV the Mn partial DOS becomes closer to the SCAN result.
In the case of α-Mn, topologically-close-packed polyhedra defined by Frank and Kasper [37] fit sublattices I, II and IV (with the exception of III) [6] . As a consequence of this close packing, the Wigner-Seitz radius shrinks to a value R ws = 2.688 a.u. corresponding to the experimental volume measured by Lawson et al. [8] . Figure 3 contains energy-volume curve for collinear α-Mn with experimental structural parameters, and already within these approximations SCAN significantly corrects the GGA volume. The SCAN calculated bulk modulus is 143 GPa in good agreement with the experimental value 151 GPa reported by Fujihisa and Takemura [38] . The calculated value by Hobbs et al. [2] further confirms the tendency to overbinding present in GGA. The SCAN magnetic moment distribution follows trends consistent with corresponding experimental distributions shown in Table II of Ref. [2] , however exact comparisons with theory cannot be performed because the experimental values depend sensitively on the choice of the form factors used to fit the experiments. Moreover, SCAN predicts a new solution at higher volume with a bulk modulus corresponding to 61 GPa. For this solution, the magnetic distribution becomes weakly ferrimagnetic with an average ferrimagnetic moment of 0.23 µ B per Mn atom while the corresponding charge distribution involves Mn atoms in six different electronic configurations with charge differences reaching 0.5 e.
When spin-orbit coupling (SOC) is included in the calculations, a noncollinear magnetic structure can develop to reduce frustration among magnetic moments. In GGA the structure remains collinear at experimental volume [2] but in SCAN some moments rotate out of their collinear orientation. The SCAN magnetic structure is noncollinear as shown in Fig. 4 and reveal robust features consistent with the experiment [8] : large collinear magnetic moments on MnI sites, large magnetic moments on MnII sites with small canting, and strongly canted magnetic moments on MnIIIa sites. The magnetic moments on site IIIb and IV are also canted but their value is significantly smaller. Clearly, SOC is small compared to the Hubbard term U and to the Mn bandwidth W , but still it plays a vital role in producing the magnetic noncollinear ground state. Therefore SCAN appears to handle well very different energy scales corresponding to SOC, U and W . In fact, while strong correlation effects and small SOC at Mn sites make LSDA and GGA unreliable, SCAN overcomes this problem by fixing the correct energy scales [20] .
The present results are relevant for smart materials such as the shape-memory and magnetocaloric Mn- rich Heusler alloys [39] [40] [41] . Indeed, elemental Mn and the Mn rich Heusler alloys phase diagrams have common features. For example, BCC δ-Mn and FCC γ-Mn can be viewed as austenite and martensite phases of Heusler alloys, respectively. Our previous investigation [24] showed that SCAN corrections beyond GGA are small for Mn-poor compounds but important differences between GGA and SCAN arise for Mn rich compounds such as Ni 2 Mn 1+x (Ga, Sn) 1−x . One can expect that SCAN corrections work particularly well for short Mn-Mn distances because according to the Bethe-Slater curve [42] , antiferromagnetic coupling corresponding to this range prevents itinerant ferromagnetic solutions. As a matter of fact, spin density and charge density waves similar to α-Mn charge and spin ordering can rationalize the complex phase diagram of Heusler alloys, where phase instabilities are driven by Fermi-surface nestings [43] [44] [45] . Since SCAN easily promotes such complex solutions [22] , future investigations of Mn-rich materials should focus on large simulation cells describing modulated phases, which could be more stable than the simple martensite [46] .
In conclusion, our SCAN-based study provides a robust self-consistent scheme to correct LSDA and GGA overbinding found in elemental Mn. The SCAN corrections for the equilibrium volume also justify complex noncollinear antiferromagnetism in the α-Mn phase, which involve both charge and spin patterns. These results demonstrate that the density-functional framework is capable of capturing the subtle correlation effects needed to reliably predict technologically relevant Mn-rich materials for shape-memory, magnetocaloric and other applications.
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